Background/Aims: Mechanisms underlying the relationship between systemic inflammation and age-related decline in muscle mass are poorly defined. The purpose of this work was to investigate the relationship between the systemic inflammatory marker CRP and muscle mass in elderly and to identify mechanisms by which CRP mediates its effects on skeletal muscle, in-vitro. Methods: Muscle mass and serum CRP level were determined in a cohort of 118 older women (67±1.7 years). Human muscle cells were differentiated into myotubes and were exposed to CRP. The size of myotubes was determined after immunofluorescent staining using troponin. Muscle protein synthesis was assessed using stable isotope tracers and key signalling pathways controlling protein synthesis were determined using western-blotting. Results: We observed an inverse relationship between circulating CRP level and muscle mass (β= -0.646 (95% CI: -0.888, -0.405) p<0.05) and demonstrated a reduction (p < 0.05) in the size of human myotubes exposed to CRP for 72 h. We next showed that this morphological change was accompanied by a CRP-mediated reduction (p < 0.05) in muscle protein fractional synthetic rate of human myotubes exposed to CRP for 24 h. We also identified a CRPmediated increased phosphorylation (p<0.05) of regulators of cellular energy stress including AMPK and downstream targets, raptor and ACC-β, together with decreased phosphorylation of Akt and rpS6, which are important factors controlling protein synthesis. Conclusion: This work established for the first time mechanistic links by which chronic elevation of CRP can contribute to age-related decline in muscle function.
Mechanistic Links Underlying the Impact of C-Reactive Protein on Muscle Mass in Elderly
Britta
Introduction
A major healthcare concern related to ageing is sarcopenia, which is characterised by a progressive decline in muscle mass, and function, increased risk of falls, metabolic diseases, loss of independence and increased mortality [1] . Given the incipient nature of sarcopenia (i.e. 1-2% loss per year >50 y) [2] , underlying mechanisms must act slowly inducing sustained but minor alterations, which over decades, lead to clinically relevant consequences.
The balance between muscle protein synthesis (MPS) and muscle protein breakdown (MPB) is the key factor controlling muscle mass i.e. muscle mass is stable when MPS=MPB, whereas muscle loss occurs when MPB>MPS. Altered sensitivity to habitual anabolic stimuli has been put forward as a putative mechanism behind the slow and progressive loss of muscle mass during ageing. Blunted response to anabolic stimuli such as nutrition [3] and physical exercise [4] in muscles of elderly individuals has been demonstrated; this so called "anabolic resistance" is a putative driver of sarcopenia. Noteworthy, muscle protein synthetic response was not substantially impaired in a study performed in healthy elderly men [5] and a retrospective analysis of MPS data in old and young subjects showed that maximal stimulation of postprandial rates of MPS in old requires a greater relative protein intake than in young [6] . While the aetiology of anabolic resistance is poorly understood, impaired regulation of anabolic signalling pathways (e.g. mechanistic target of rapamycin, mTOR) regulating MPS are thought to be central [7] .
One putative mechanism behind age-related reductions in muscle mass is chronic inflammation [8] . Several observational studies reported associations between chronic inflammation and the loss of strength and muscle mass in elderly [9] [10] [11] [12] [13] [14] . Nonetheless, the specific inflammatory drivers of muscle atrophy and dysfunction remain poorly defined. In this respect, circulating acute phase C-reactive protein (CRP) is an established "biomarker" of systemic inflammation and is recognized as an important factor underlying several agerelated deleterious changes [15] [16] [17] [18] [19] . Thus, the possibility remains CRP itself could be a driver of muscle catabolism. Statistical relationships between MPS and inflammation have been addressed in three reports, albeit with conflicting results; i.e. muscle protein metabolism being impaired in two [20, 21] but not a third [22] . The potential mechanisms by which CRP might negatively affect muscle mass have not been addressed.
Clearly, identification of links between declines in muscle mass, alterations in MPS and inflammatory factors driving muscle catabolism deserves further attention since this might produce targets for therapeutic intervention. To this end, the aim of the present work was two-fold. Firstly, we met out to forge statistical relationships between circulating serum CRP levels and muscle mass in a cohort of 118 older women (age: 67 ± 2 years) and, secondly, to identify the mechanisms by which CRP mediates its effects on skeletal muscle, in vitro.
Materials and Methods

Subjects
One hundred and eighteen elderly women (age: 67 ± 2 years) were included in the study. They were non-smokers, had no disability regarding mobility and were free of metabolic and inflammatory diseases, diagnosed coronary heart disease or diabetes mellitus. None of the subjects had a serum CRP higher than 6 mg/L. Informed consent was obtained from all subjects and the study was conducted in accordance with principles set out in the Declaration of Helsinki and approved by the regional ethical review board of Uppsala.
Height and body weight were assessed using standardized procedures. Muscle mass was assessed between 7.00 and 9.00 am, after an overnight fast using bioelectrical impedance analysis (BIA) (TANITA BC-420MA, Tanita Corporation, Japan). Skeletal muscle mass was calculated using the equation of Janssen et al. (2002) According to Janssen et al. [2] , low muscle mass is defined as an SMI below 28%. Maximal isometric knee extension was measured in subjects seated on an adjustable chair with a 90°C angle of hip and knee joints as previously described [23] . Maximal isometric knee extension was expressed relative to body weight (N/kg). Blood samples were obtained between 7.00 and 9.00 am, after an overnight fast. Participants were asked to avoid smoking and alcohol and not to engage in any strenuous physical activity 24 h before the blood sample. Blood was collected by venepuncture from an antecubital vein, centrifuged at 4000 rpm for 10 minutes, aliquoted and stored at -80°C. Levels of triglycerides and LDL and HDL-cholesterol were determined on a Vitros-5.1-analyser platform using chemistry kits from Ortho-Clinical Diagnostics, Johnson & Johnson. Level of plasma glucose was determined with the Roche Reflotron Plus® system. CRP level was measured using a high-sensitivity C-reactive protein (Hs-CRP) kit by a fully automated immunoturbidimetric assay (Advia 1800, Chemistry System, Siemens, Germany).
Isolation and purification of myoblasts from human biopsies
Muscle biopsies obtained from vastus lateralis of 7 elderly women (age 66.9 ± 1.2 years) were scissorminced and explants were trapped inside a thin layer of 6 mg/ml Matrigel (BD Matrigel Matrix from BD Biosciences) in 35 mm collagen-coated Petri dishes with growth media (Dulbecco's Modified Eagle Medium, DMEM, Sigma) supplemented with 20% fetal bovine serum (Hyclone Perbio), 2% Ultroser G (Pall, France), 10 mM Hepes (H0887, Sigma) and 50 μg/ml Gentamicin (G1397, Sigma). After 6 to 8 days, cells migrated out of the explants. Migrating cells were enzymatically harvested using dispase (BD Biosciences) and subcultured in growth medium. Harvested cells were purified by immunomagnetic cell sorting as previously described [19] .
Effects of CRP on the size of myotubes
Myoblasts obtained from 7 elderly subjects were seeded at 1×10 6 cells/dish onto 35 mm collagencoated dishes and cultured in growth medium. At confluence, cells were differentiated into myotubes in differentiation medium containing DMED. Differentiated myotubes were kept in differentiation medium without (Control) and with CRP (50µg/ml, C1617 Sigma) for 72 h. Cells were then immunostained for 2h at room temperature using the primary antibodies against myogenin (mouse monoclonal Sigma 1:100) and troponin (rabbit polyclonal Santa Cruz, 1:100). Secondary antibodies Alexa fluor 568 (goat anti-mouse) and Alexa fluor 488 (goat anti-rabbit) were used. Nuclei are stained blue with DAPI. Myotube diameter was quantified using ImageJ software on 6 randomly chosen fields yielding approximately 140 myotubes per cell culture. The average diameter of one myotube was calculated as the mean of 5 measurements performed along the length of that myotube.
Effect of CRP on myotube mixed protein synthesis (MPS)
Differentiated myotubes were kept in differentiation medium without (Control, CON) and with CRP (50µg/ml, C1617 Sigma) for 24 h. All samples were measured in at least duplicates. Chronic measures of protein synthesis rates were performed using the stable isotope tracer deuterium oxide (D 2 O). 5% D 2 O was added in both control and CRP-treated cell cultures. Following incubations, 1ml of media was sampled from each well and cells were washed twice with ice cold PBS and harvested into 200ul of ice cold homogenisation buffer (50 mM Tris-HCl (pH 7.4), 50 mM NaF, 10 mM β-Glycerophosphate disodium salt, 1 mM EDTA, 1 mM EGTA, 1 mM activated Na 3 VO 4 ) (all Sigma-Aldrich, Poole, UK) and a complete protease inhibitor cocktail tablet (Roche, West Sussex, UK). Following homogenisation, samples were centrifuged at 10000g for 10mins at 4°C to separate the sarcoplasmic proteins and 50ul of the supernatant was transferred to a fresh eppendorf and frozen for western blotting analyses. To the remaining supernatant and pellet an equal volume of 1M PCA was added to precipitate any remaining sarcoplasmic proteins. The sample was incubated on ice for 30 mins and centrifuged at 10000g for 10 mins at 4°C. The PCA supernatant (containing free amino acids) was transferred to a fresh eppendorf and frozen, whilst the pellet was washed sequentially with PCA: 70% ethanol: 70% ethanol to remove any remaining free amino acids. The mixed muscle pellet was then hydrolysed overnight at 110°C in 1ml of 0.1M HCl and 1ml + H dowex resin. Hydrolysed AA were then eluted from the dowex resin the following day into 2M NH 4 OH and evaporated to dryness. Deuterium labelling of protein bound alanine was then determined using GC-MS/MS (Trace 1310-TSQ 8000, Thermo Scientific, Hemel Hempstead, UK) following conversion to its n-methoxycarbonyl methyl ester derivative and single reaction monitoring (SRM). The media sampled from each well was measured for D2O enrichment using a [24] . Briefly, 2ul of 10N NaOH was added to 100ul of media, following a 15s vortex mix 1ul of acetone was added. This was incubated for 24h to allow full hydrogen/ deuterium exchange. The acetone was then extracted into 200ul of n-heptane, the n-heptane layer was transferred to an autosampler vial and 0.5ul injected into the GC-MS (Trace 1300-ISQ, Thermo Scientific, Hemel Hempstead, UK). D2O enrichment was determined via SIM of m/z 58 and 59 with reference to a standard curve of known D2O enrichments. FSR was calculated using the following equation:
Where MPE Ala represents protein bound alanine enrichment, MPE MW represents media water enrichment and t represents time in hours.
Western Blot analysis
The sarcoplasmic fraction was used for immunoblot analysis. Sarcoplasmic protein concentrations were determined using a NanoDrop Lite spectrophotometer (Thermo Scientific, hemel Hempstead, UK) and adjusted to 0.3µg.µl 
Statistics analysis
Shapiro-Wilk test was used to check the normality assumption and skewed data were log transformed. In vitro data was analysed using a paired samples t-tests with the alpha level of significance set at p< 0.05. One-way analysis of variance (ANOVA) was used to assess differences between elderly with low (SMI below 28%) and normal (SMI over 28%) muscle mass. Linear regression was used to examine association between CRP z-score and SMI z-score with adjustments for BMI and age.
Results
The characteristics of older women included in this study are presented in Table 1 . Elderly with low muscle mass (SMI<28%) had significantly higher weight, BMI and triglycerides and lower leg strength compared to women with normal muscle mass (SMI>28%) (table 1). Importantly, serum CRP was significantly higher in elderly with low muscle mass compared to those with normal muscle mass and there was an inverse relationship between serum CRP and skeletal muscle mass (β= -0.646 (95% CI: -0.888, -0.405) p<0.05) (Fig. 1A) . This relationship remained significant after adjustments for BMI (β= -0.270 (95% CI: -0.500, -0.041) p<0.05) and BMI with age (β= -0.254 (95% CI: -0.482, -0.027) p<0.05).
In vitro effects of CRP on myotube morphology, MPS and anabolic signalling
In order to address the mechanism underlying the relationship between muscle mass and serum CRP, we adopted an in-vitro model of exposing human muscle cells to CRP. Our first finding was that the size of human myotubes exposed to CRP for 72 h was significantly lower (p< 0.05) than that of control myotubes (Fig. 1B) . Second, we hypothesized that the CRP-induced reduction of the size of muscle cells is partly mediated through a reduction in muscle protein synthesis. Muscle protein fractional synthetic rate (FSR) of human myotubes exposed to CRP for 24 h was measured using the stable isotope tracer deuterium oxide (D 2 O). The coefficient of variation of FSR measurements was less than 3% when samples were measured repeatedly. Our findings revealed that muscle protein FSR was significantly lower (p< 0.05) in CRP-treated myotubes compared to control myotubes (Fig.  1C) . In order to address signalling pathways responsible for reduced muscle cell size and protein synthesis, myotubes were exposed to CRP for 12h and 24h. There was a significant decrease (p<0.05) in the phosphorylation of the serine/threonine kinase pAkt Ser473 , which is an upstream regulator of the mechanistic target of rapamycin complex 1 (mTORc1), after 12 h CRP treatment ( Fig. 2A) . Moreover, a significant reduction (p<0.05) in phosphorylated ribosomal protein S6 (rpS6), a critical component of the 40 S ribosomal subunit, occurred after 12h CRP treatment (Fig. 2B) . We further sought to determine whether a CRP-mediated increased phosphorylation of the sensor of cellular energy stress AMP-activated protein (Fig. 3A) . Significant increase in phosphorylation of the AMPK target and mTOR binding partner, raptor occurred after 24 h incubation in CRP (p<0.05), which further contributes to the inhibition of the mTORc1 (Fig. 3B) . We also report the upregulation of another target of AMPK, acetyl-CoA carboxylase (ACC-β) at 12 h (p<0.05) and 24 h (p<0.05) (Fig. 4) .
Discussion
Previous epidemiological reports have set the basis for the extensive interest on the impact of circulating CRP upon the deterioration of muscle mass and function [9] [10] [11] [12] [13] [14] . The present study confirmed that elevated circulating serum CRP levels in community-dwelling elderly women are negatively associated with muscle mass; Importantly, we have shown that CRP influences muscle cell size and identified for the first time a mechanistic link by which CRP mediates its effects on skeletal muscle via suppression of MPS pathway.
The occurrence of an inverse relationship between circulating serum CRP and muscle mass suggests that the level of chronic systemic inflammation (or actually CRP per se) is an important factor involved in control of muscle mass in elderly. This is supported by others who also reported robust associations between CRP and physical decline [26, 27] . Our data are in accordance with those indicating that elderly with elevated circulating inflammatory markers experienced the greatest loss of thigh muscle area over a 5 y period [28] and that higher circulating CRP levels are related to lower muscle strength in older adults [11, 12] . Lower muscle strength and higher circulating CRP levels in elderly with low muscle mass is of clinical relevance as force-generating capacity is an important factor limiting the ability of the elderly to perform basic activities of daily living [29] and knee extensor strength is considered as an important factor limiting the ability to rise from a chair [30] . Of note, although our data support conclusions from previous epidemiological studies, a limitation to the present study is the use of bioimpedance (BIA) analysis for the assessment of skeletal muscle mass. Noteworthy, despite the highest accuracy of computed tomography and magnetic resonance imaging, sarcopenia diagnosis is based on BIA or dual x-ray absorptiometry (DXA) measurements. In standardized conditions (body position, Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry previous exercise, hydration status and dietary intake) and using an equation previously cross-validated against MRI [31] , BIA method is currently considered as an accurate measurement of functioning muscle mass in clinical settings and epidemiological studies. The advantages of BIA (no exposure to radiation, ease to use, relatively low cost and safety) make it appropriate for large-scale studies. Moreover, BIA or DXA-based cut-off points are currently used for the definition of sarcopenia in accordance with recommendations from the European Working Group on Sarcopenia in Older People (EWGSOP). Another limitation inherent to data on associations between CRP and muscle characteristics in this and in similar studies is the cross-sectional design. The possibility that the observational associations may be attributable to confounding and/or reverse causality cannot be excluded. Previous studies on observational links between systemic inflammation and sarcopenia reported significant associations even after adjustments with sex, level of education, smoking history, alcohol use, physical exercise and history of chronic diseases [11, 14] . In our study, all subjects were non-smoking women with no disability regarding mobility and free of metabolic and inflammatory diseases, diagnosed coronary heart disease or diabetes mellitus, which reduces the number of confounding factors. Importantly, our invitro data provide a mechanistic model supporting epidemiological links between chronic inflammation and muscle mass and suggesting a direct action of CRP on the size of muscle cells, a major physiological endpoint. However, a future major challenge is to identify stimuli leading to chronic elevations in systemic inflammation. The progressive loss of muscle mass during ageing due to both a reduction in muscle fibre number and area [32] may be attributed to intrinsic properties of the cell itself or to the influence of its environment. Numerous experiments have highlighted a potential role for "systemic" drivers. For instance, a reduction in the proliferative rate of myogenic cells was evident in cells exposed to sera from elderly women with elevated CRP levels [19] . Interestingly, elevated CRP levels in sera from elderly can affect the proliferative rate of other cells including endothelial cells [33] . It has also been shown that the exposure of myogenic cells to sera from young can rejuvenate cell proliferative capacity [34] [35] [36] . Thus, testable hypothesis is that relationship between serum CRP and muscle mass could perhaps be explained by a CRP-mediated reduction of the size of the muscle cells.
To our knowledge ours is the first report combining assessment of the influence of CRP on muscle mass and muscle cell size together with the in-vitro monitoring of MPS. We have identified a CRP-mediated reduction of the size of human myotubes (a major physiological endpoint) together with reduction of MPS as a mechanism underlying the negative effects of CRP on muscle mass. Given that myofibrillar proteins represent ~85% of muscle fibre volume [37] any factor able to influence the balance of myofibrillar protein metabolism may contribute to muscle atrophy. In this respect, as the stimulation of mTORc1 is instrumental to the control of MPS [38] , the phosphorylation state of several constituents interacting with the growth mTORC1-pathway were investigated. Our findings revealed a CRP-mediated reduction in phosphorylation of Akt, the major upstream regulator of mTOR cascade involved in the regulation of muscle growth [38] . Reduced activity in this key upstream factor may provide an explanation for the impairment of MPS in muscle cells exposed to CRP. Additionally, while cellular energetics per se were not the focus of this work, the CRP-mediated downregulation of Akt could also theoretically be linked to impaired muscle glucose disposal [39] . In addition to the influence of CRP on Akt, the observed reduction in phosphorylated ribosomal protein S6 (rpS6), a critical component of the 40 S ribosomal subunit may further contribute to impaired MPS. In parallel with downregulation of factors involved in MPS, our data also indicate an upregulation of AMPK, suggesting that CRP may involve an induction of cellular energy stress [40] . It has previously been shown that under conditions of cellular energy stress, increased phosphorylation of the AMPK leads to the suppression of mTORC1 activity [41] [42] [43] . Our study also reveals an upregulation of the two AMPK downstream targets, raptor and ACC-β. In particular, CRP-mediated increased phosphorylation of raptor, a direct substrate of AMPK and an mTOR-binding-partner is inextricably linked to the inhibition of the mTORC1 [42] . Noteworthy, decreased phosphorylation of rpS6 occurred before the occurrence of significant increases in AMPK phosphorylation suggesting an AMPindependent regulation of rpS6. Future time-course and pharmacological work are needed to determine the mechanistic role of AMPK in CRP-induced cellular catabolism. Altogether, although several other signalling molecules may act on muscle growth [44] and mediate the effects of systemic inflammation on skeletal muscle, our data revealed potentially important mechanisms by which CRP might exert its effect on muscle mass; especially given the major role played by the Akt/mTOR and AMPK signalling pathways in the control of MPS [45, 46] . Nevertheless, it is important to emphasize the limitation inherent to the study of underlying molecular pathways responsible for altered protein synthesis on the basis on snapshot measures of phosphorylation which are captured at specific windows of a dynamic process. Furthermore, elevations of systemic markers of inflammation during ageing are small, progressive and chronic, a process which is difficult to model in-vitro. In this respect, a limitation to this work is the use of a single in-vitro concentration to depict the influence of CRP on muscle cell function. However, dose response studies (0-100 µg/ml CRP) investigating the effects of CRP on cell function showed that the amplitude of the physiological response increased with increasing CRP concentration with a maximal response at 50 µg/ ml, a concentration which has been used in several previous studies depicting the influence of CRP on other cell types including endothelial cells and smooth muscle cells [47] [48] [49] . Our work, established the impact of CRP on a critical physiological endpoint (muscle cell size) using a concentration commonly used to describe the in-vitro effects of CRP on cell function. Noteworthy, tissues and cells in elderly are exposed to lower circulating CRP concentrations during several years and effects of CRP might be potentiated by the presence of other proinflammatory inflammatory mediators including fibrinogen, TNF-a, IL-1b and IL-6.
The age-related occurrence of an anabolic resistance has been linked to the progression of sarcopenia [3, 21, 50] . The basis for the reduction of MPS during sarcopenia is likely to be multifactorial and factors able to exert a biologically significant effect may include an insulin/insulin-like growth factor-1 (IGF-1) resistance, increased pro-inflammatory cytokines, malnutrition, corticosteroids, and/or reduced physical activity [51] . Our findings support the hypothesis that increased CRP levels during aging could contribute to anabolic resistance (although we did not test the premise directly). Moreover, observational findings about the influence of the systemic environment on MPS have been previously addressed; albeit yielding conflicting results. Data from the one group indicated that while circulating CRP levels were associated with reduced MPS in older rats, protein metabolism was not associated with CRP levels in elderly humans [22] . In contrast, lower muscle MPS has been reported in elderly compared to young and an inverse relationship was found between the level of circulating serum CRP and MPS [20] . As highlighted by Buffière et al. (2015) [22] between-study differences in health and systemic inflammatory status might explain the conflicting results. Indeed, data on the relationship between the in-vivo monitoring of MPS in humans and circulating inflammatory markers at any given time point pose considerable problems of interpretation. For example, the in-vivo monitoring of human MPS is unlikely to be under the sole influence of CRP as other circulating factors such as IL-6 or TNF-α alpha might act in concert with CRP to potentiate its effects on muscle protein synthesis whereas others factors such as IGF-1 might oppose the effects of CRP. Nonetheless, our in-vitro monitoring of MPS in human muscle cells exposed to CRP allowed us to identify a direct and potentially mechanistic link between CRP and atrophic phenotype.
Conclusion
Our work has established both observational and mechanistic links by which chronic elevation of the inflammatory marker CRP could mediate age-related declines in muscle mass. Identification of links between declines in muscle mass and chronic inflammation could prove instrumental for development of therapeutic interventions to prevent and treat sarcopenia.
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